Introduction {#sec1-1}
============

Keyhole limpet hemocyanin (KLH) is a high molecular weight carrier protein found in the hemolymph of *Megathura crenulata*.\[[@ref1]\] Scientific investigations on KLH established this molecule as an immune stimulant.\[[@ref2]\] It is a T-lymphocyte dependent antigen which induces both the cellular and humoral immune responses.\[[@ref3]\] It has promising antitumor and antiproliferative activities against Barrett\'s esophageal adenocarcinoma, breast, pancreas, prostate cancer cells, and bladder tumor recurrence.\[[@ref3][@ref4]\] Researchers around the world have great interest in the wide range of anticancer and immunostimulating activities of KLH and its mechanism of action. However, the induction ability of KLH on NK cells for its antitumor and cytotoxic activity was not extensively studied.

Natural killer (NK) cell is an important component of innate immune system due to its ability to recognize and killing of infected, stressed, immatured, and cancer cells. NK cell thus, with the coordination of other cells of the immune system, prevents the body from tumor development and infections by bacteria, viruses, and other parasites.\[[@ref5]\] NK cell plays an important role in the inhibition of infection in adaptive immunity as well. The functions of NK cell is regulated by a restricted balance of an inhibitory and an activating signal which permit them to select abnormal/tumor cells as target, while leaving normal cells untouched.

Interleukin (IL) cytokines, such as, IL-2, IL-12, IL-15, IL-18, IL-21, and type I interferon (IFN) are crucially required for the maturation, activation, and survival of NK cells.\[[@ref6]\] Systemic administration of cytokines, regulating proliferation, and activation of NK cells, seriously interrupt complex regulatory pathways of NK cell activity. It also experience with tremendous side-effects including hypertension, fever, chills, vomiting, diarrhea, etc.\[[@ref5]\] This limitation necessitates the investigations of more specific immune modulators to enhance the activity of NK cells more selectively and effectively avoiding the unexpected side-effects of cytokines.

YAC-1 cell is a mouse T cell lymphoma cell line at is induced by inoculation of the Moloney leukemia virus (MLV) into a newborn A/Sn mouse. YAC-1 cells are highly sensitive to lysis by NK cells.\[[@ref7]\] YAC-1 cells, therefore, are highly used as target cells for the determination of cytotoxic activity of mice NK cells.\[[@ref7]\]

Meth A cells are methylcholanthrene-induced nonadhesive sarcoma cells originated from Balb/c mice.\[[@ref8]\] Meth A cells are frequently used for the evaluation of antitumor activity of different agents.\[[@ref8][@ref9]\]

As extensive research was not conducted on the activity of KLH on NK cells, the present study was designed to investigate the effect of KLH on the killing activity, cytokines (IFN-α, IFN-γ, and TNF-α) production ability and the proliferation of NK cells. The antiproliferative activity of KLH on Meth A sarcoma cells was also evaluated.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Chemicals and Reagents {#sec3-1}

KLH (*Megathura crenulata*)-Calbiochem was purchased from EMD Biosciences, Inc. (La Jolla, CA, USA). The supplied concentration of KLH was 22.7 mg/ml and it was diluted with basal culture medium (Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with 10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml of penicillin G, and 100 μg/ml of streptomycin) to the desired concentrations before use. RPMI 1640 and Eagle\'s minimum essential medium (MEM) were purchased from ICN Biomedicals (Irvine, CA, USA) and Nissui Pharmaceutical Co. Ltd (Tokyo, Japan), respectively. FCS was purchased from Sigma-Aldrich (Japan). Anti-mouse IFN-γ mAb, biotinylated anti-mouse IFN-γ mAb, IFN-γ, and TNF-α were obtained from Endogen (Wobum, MA). Anti-mouse TNF-α antibody, biotinylated anti-mouse TNF-α antibody, and mouse TNF-α ELISA kit were purchased from R&D Systems (Minneapolis, MN). Recombinant mouse IL-2 was purchased from Hoffmann-La Roche (Nutley, NJ).

### Culture of Meth A and YAC-1 Cancer Cell Lines {#sec3-2}

Meth A and YAC-1 cells were obtained from Riken BRC Cell Bank (Tsukuba, Japan).

Both the cell lines were cultured separately in RPMI 1640 medium (ICN Biomedicals, Irvine, CA, USA), supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 U/mL of penicillin G and 100 lg/mL of streptomycin, at 37°C in a fully humidified atmosphere containing 5% CO~2~ as described previously.\[[@ref10]\]

### Mice {#sec3-3}

Female C57BL/6 mice were purchased from Charles River Japan (Yokohama, Japan). Mice were maintained under specific pathogen-free conditions in the animal facility of Okayama University and used between 8 and 12 weeks of age. All experimental procedures concerned with mice were performed according to the guidelines established by the Ministry of Education, Culture, Sports, Science, and Technology of Japan, and to the Guidelines for Animal Experiments at Okayama University and were approved by the Animal Research Control Committee of Okayama University, Japan.

### Preparation of Enriched NK Cells {#sec3-4}

Spleen cells from C57BL/6 female mice, depleted of erythrocytes, were prepared by lysis of erythrocytes with ammonium chloride as described earlier.\[[@ref11][@ref12]\] The spleen NK cells were enriched from erythrocyte-depleted spleen cells by negative selection using a mouse NK cell enrichment set-DM (BD Biosciences Pharmingen, Catatog number 557954) as mentioned by Zhong *et al*.\[[@ref5]\] The adherent cells were removed by incubating the cells on plastic dishes for 90 min at 37°C before the procedure for negative selection. In negative selection, antibodies are used against surface antigens present on the cells in suspension except the NK cells. In contact with the NK cell enrichment set-DM (BD Biosciences Pharmingen, Catatog number 557954) the cells expressing those antigens bind to the column. The remaining cell suspension containing NK cells, after removal of other cells adhering to the column, is collected into another column. The same procedure was repeated three times. Thus, NK cells were purified from murine whole spleen cells. The viability of NK cells was higher than 75% and purity of recovered NK cells was 75-80%.

### Determination of the Cytotoxic Activity of KLH-Treated NK Cells {#sec3-5}

The effect of KLH on the augmentation of natural killing activity by NK cells was determined as described previously.\[[@ref5]\] Murine NK cells (5 × 10^4^ cells/200 μL/well) were cultured for 24 h, with or without KLH and other reagents, in 96-well round-bottom microplates (Nunc, Roskilde, Denmark) in an atmosphere containing 5% CO~2~ and at 37°C. A phenol red-free RPMI-1640 medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml of penicillin G, and 100 μg/ml of streptomycin (complete medium) was used as culture medium. The cytotoxic activity of NK cell was determined by target cell retention of the fluorescent dye Calcein acetoxymethyl ester (Calcein-AM; Molecular Probes, Eugene, OR, USA).\[[@ref5][@ref13]\] YAC-1 cells (1 × 10^6^ cells/ml) were preincubated with 1 mM calcein-AM for 60 min at 37°C and washed it twice with the medium. The plate of precultured NK cells (effector cells) was washed one time and incubated with the YAC-1 cells (target cells, 1 × 10^4^ cells/well) for 4 h at an effector:target (E:T) ratio of 5:1 in 200 μL/well of medium. Cells in the incubated plate were centrifuged at 420 × g for 10 min. The resulting supernatant was removed from the cellular fraction by rapidly inverting the plate and flicking the supernatant out. The plate was blotted dry and 200 μL of 2% triton X-100 in 0.05 M borate buffer (pH 9.0) was added to each well. Following incubation for 10 min at room temperature, plates were assayed for fluorescence with a microplate fluorometer (Fluroskan) using excitation and emission wavelengths at 485 and 527 nm, respectively. The cytotoxic activity was calculated as: Cytotoxic activity (%) = (Average fluorescence in wells incubated with target cells alone -- fluorescence in well of the experimental group)/(Average fluorescence in wells incubated with target cells alone -- average fluorescence in wells incubated with effector cells alone) × 100.

### Determination of Cytokine Productions in KLH-Treated NK Cells {#sec3-6}

For the measurement of IFN-γ and TNF-α cytokine productions, NK cells (5 × 10^4^ cells/200 μL/well) were incubated for 24 h with or without KLH (25 μg/well) and cultured supernatants were collected as mentioned above. The levels of IFN-γ and TNF-α in each cultured supernatants were measured by an ELISA as described previously.\[[@ref5]\]

### Measurement of the Proliferation of KLH-Treated NK cells by \[^3^H\]thymidine Incorporated Assay {#sec3-7}

NK cells (5 × 10^4^ cells/200 μL/well) purified from mice spleen cells by negative selection (undesired cells were removed by using antibodies against the antigens expressed on those cells with the aid of a magnetic NK cell enrichment set-DM) were incubated with or without KLH (25 μg/well) for 42 h. The cells were then pulse-labeled with \[^3^H\]thymidine (0.5 μCi/well, 2.5 Ci/mmol) for 18 h and harvested on glass fiber filters using a cell harvester. The amount of \[^3^H\]thymidine incorporated was measured in a liquid scintillation counter as described earlier.\[[@ref5]\]

### Measurement of the Proliferation of KLH-treated Meth A cells by MTT Method {#sec3-8}

The growth of Meth A sarcoma cells in culture was determined by the MTT assay as mentioned by Sarker *et al*.\[[@ref12]\] Briefly, Meth A cells (5 × 10^4^ cells/well/200 μL) were cultured with or without treating with different concentrations of KLH for 72 h in a 96-well flat-bottom microplate (Nunc, Roskilde, Denmark) in completed basal medium. After incubation, the plate was centrifuged for 5 min at 1,500 rpm at 4°C. The supernatants (150 μL/well) were removed and 50 μL of fresh medium and 25 μL of MTT solution were added in each well and the plate was incubated for 2 h. After addition of 100 μL of stop solution in each well, the plate was incubated overnight in dark at 37°C and the absorbance was measured at a wavelength of 570 nm by using a plate reader (Bio-Red Lab., USA).

### Statistical Analysis {#sec3-9}

The experiment results are expressed as means ± SEM (standard error of the mean) of three independent experiments. The differences between the control and treated groups were analyzed by one-way analysis of variance (ANOVA), followed by Dunnett\'s *t*-test, Tukey\'s honest significant difference (HSD) test and two-tailed Student\'s *t*-test. *P*-values less than 5% were regarded as significant.

Results {#sec1-3}
=======

 {#sec2-2}

### KLH Induced Cytotoxic Activity of NK Cells Against YAC-1 Tumor cells {#sec3-10}

Murine enriched NK cells were incubated with or without KLH for 24 h, and their cytotoxic activity was assayed against YAC-1 target cells. As shown in the [Figure 1a](#F1){ref-type="fig"}, KLH at the concentrations of 6.25, 12.5, and 25 μg/well significantly promoted the cytotoxic activity of NK cells (2.5, three, and five-folds higher than that of control, respectively) in a dose-dependent manner. The dose of KLH \< 6.25 μg/well could not effectively enhance the activity of NK cells (data not shown). IL-2 was used as a positive control in this experiment to compare the effect of IL-2 and KLH on the cytotoxic activity of NK cells. Both of KLH and IL-2 potently (five-folds at a dose of 25 μg/well and 14-folds at a dose of 10 U/well, respectively) induced the cytotoxic activity of NK cells in comparison with the untreated cells. NK cells exhibited its highest killing activity on 24 h, over this time its activity was declined \[[Figure 1b](#F1){ref-type="fig"}\].

![Augmentation of cytotoxic activity of murine natural killer (NK) cell by keyhole limpet hemocyanin (KLH) *in vitro*. C57BL/6 mice NK cells enriched by negative selection were cultured for 24 h with the indicated doses of KLH (a) for the indicated periods with or without 25 μg/mL of KLH (b). The cytotoxic activity of NK cells against yeast artificial chromosome (YAC)-1 tumor cells was determined. The data are means ± standard error of the mean (SEM) of three independent experiments (a) or representative of two separate experiments with similar results (b). \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, as compared with the values of control cultures incubated in medium alone (Dunnett\'s *t*-test)](IJPharm-46-40-g001){#F1}

### KLH Enhanced the Productions of IFN-γ and TNF-α Cytokines in NK Cells {#sec3-11}

In order to investigate whether KLH can upregulate the production of IFN-γ and TNF-α or not, NK cells enriched by negative selection were incubated for 24 h with or without KLH and the levels of IFN-γ and TNF-α production in the cultured supernatants were measured by an ELISA. As shown in the Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}, KLH enhanced the production of IFN-γ and TNF-α (17- and 23-times higher than control, respectively), which is strongly comparable to that of IL-2 (5 U/mL).

![Induction of interferon (IFN)-γ and tumor necrosis factor (TNF)-α production in murine NK cells by KLH *in vitro*. Murine NK cells enriched by negative selection were incubated for 24 h with or without 25 μg/ml of KLH or 5 U/ml of interleukin (IL)-2. The levels of IFN-γ and TNF-α in cultured supernatants were measured by an enzyme-linked immunosorbent assay (ELISA). The data are means ± SEM of three independent experiments. \*\**P* \< 0.01 and \*\*\**P* \< 0.001, as compared with the values of control cultures incubated in the medium alone (Dunnett\'s *t*-test)](IJPharm-46-40-g002){#F2}

### KLH Stimulated the Proliferation of NK Cells {#sec3-12}

The *in vitro* activity of KLH on the proliferation of NK cells was measured by being labeled with \[^3^H\]thymidine for the last 18 h during 42 h incubation. The proliferation study at early time point (less than 42 h) found to be insignificant (data not shown). KLH caused a significant increase in \[^3^H\] thymidine uptake (three-folds higher than that of control) by NK cells \[[Figure 3](#F3){ref-type="fig"}\].

![Induction of the proliferation of splenic NK by KLH *in vitro*. NK cells purified from the spleen of C57BL/6 mice by negative selection were incubated with or without 25 μg/ml of KLH for 42 h, being pulse-labeled with \[3H\]thymidine for the last 18 h. The data are mean ± SEM of three separate experiments. \*\**P* \< 0.01, as compared with the values of control (Student\'s *t*-test)](IJPharm-46-40-g003){#F3}

### Antiproliferative Activity of KLH Against Meth A Sarcoma Cells In Vitro {#sec3-13}

The effect of KLH on the growth of Meth A sarcoma cells was assessed using concentrations of 6.25, 12.5, 25, and 50 μg/well following 72 h incubation. The proliferation of Meth A cells was inhibited markedly by KLH in a dose-dependent manner \[[Figure 4](#F4){ref-type="fig"}\]. The highest inhibition was exhibited by KLH at a dose of 25 μg/ml, which was four-fold more potent than untreated cells.

![Inhibition of the proliferation of Meth A cells by KLH. Meth A sarcoma cells (5 × 10^4^ cells/well) were incubated with the indicated concentrations of KLH at 37°C in the 5% CO~2~ incubator for 72 h. After removal of supernatants, the DNA against each cell was determined by MTT assay. The data are means ± SEM of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, as compared with the control (Tukey\'s honest significant difference (HSD) test)](IJPharm-46-40-g004){#F4}

Discussion {#sec1-4}
==========

In this study, the inductive activity of KLH on NK cells for its cytolytic activity, IFN-γ, and TNF-α cytokines production ability, and its proliferation were investigated. Besides, the antiproliferative activity of KLH against Meth A sarcoma cells was also examined. KLH potently enhanced the cytotoxic activity of NK cells against YAC-1 tumor cells in a dose-dependent manner by 6.25-25 μg/well. Cytokine IL-2 was used in this study as a positive control because of its ability to stimulate NK cell activity.\[[@ref5]\] The maximum effect of KLH was observed at the concentration of 25 μg/well, inducing a five-fold increase in NK cell activity \[[Figure 1a](#F1){ref-type="fig"}\] and the enhancing activity reached at the maximum level after 24 h \[[Figure 1b](#F1){ref-type="fig"}\]. This means that incubation for 24 h or more is necessary for the full enhancing effect of NK cells.

IFN-γ secreted by NK and T cells plays a vital role in the early host defense against infection and in the adaptive immune response, respectively.\[[@ref14]\] The study investigated whether KLH upregulates the IFN-γ production in NK cells or not. A marked upregulation of the production of IFN-γ in NK cells cultured with KLH was observed \[[Figure 2a](#F2){ref-type="fig"}\]. TNF-α is a multifunctional cytokine which plays a key role in the immunity, cell survival, apoptosis, and inflammation.\[[@ref15]\] TNF-α has a significant role for the activation of monocytes, macrophages, B and T cells, and their functions. This cytokine induces the phagocytosis and superoxide production by polymorphonuclear cells, and the activation and functions of other cells of the immune systems.\[[@ref16]\] The present study found a significant enhancement of the production of TNF-α in NK cells treated with KLH *in vitro* \[[Figure 2b](#F2){ref-type="fig"}\].

As shown in [Figure 3](#F3){ref-type="fig"}, KLH stimulated the proliferation of NK cells three-folds higher than that of control. NK cell can recognize and destroy neoplasm and microbes in the body and produce important cytokines, such as, IFN-γ, which also play significant role in the innate immunity. It has an independent ability to kill target cells directly without prior activation.\[[@ref17]\] Thus, NK cells have crucial role to control tumor growth and metastasis diffusion, to prevent and control of microbial infections. With the promotion of the proliferation of NK cells, KLH is thus assisting in prevention and control of cancer and infections through NK cells. The antiproliferative activities of KLH on different cancer cell lines were previously reported. Riggs *et al*.,\[[@ref3]\] reported the significant antiproliferative activity of KLH *in vitro* against breast, pancreas, and prostate cancers. Similar investigation by McFadden *et al*.,\[[@ref4]\] revealed the anticancer activity of KLH in Barrett\'s esophageal adenocarcinoma. However, no report was found on the inductive activity of KLH on the proliferation of Meth A sarcoma cells. The present study resulted in the inhibition of the proliferation of Meth A sarcoma cells treated with KLH *in vitro* \[[Figure 4](#F4){ref-type="fig"}\].

NK cells act through the production of different cytokines and direct killing of cancer cells or infected microbes.\[[@ref18]\] Cytokines, such as, IFN, IL-2, and IL-10 act as inducing factor for the proliferation of NK cells.\[[@ref19][@ref20]\] Bishop and Schwartz\[[@ref19]\] observed the enhancement of human NK cells by IFN which need RNA and protein synthesis. Eberl and MacDonald\[[@ref20]\] reported that NK cell activation is dependent on the production of IFN-gamma and IL-12. The present study showed the promotion of the production of TNF-α and INF-γ by KLH \[[Figure 2](#F2){ref-type="fig"}\]. Thus, the possible mechanism for the promotion of the proliferation of NK cells by KLH may be due to the enhanced production of IFN by NK cells stimulated with KLH.

Flexman and Shellam\[[@ref21]\] reported that spleen-derived IFN augmented splenic cytotoxicity *in vitro* and *in vivo*. Several other reports published on the indirect effect of IFN for the induction of cytotoxicity of NK cells *in vitro* and *in vivo*.\[[@ref22]\] Besides, TNF has a property of inducing cancer cell death. Therefore, recent studies are focused on the sensitization of cancer cells to TNF-induced apoptosis by inhibiting survival signals such as NF-κB incorporating combined therapy.\[[@ref23]\] In this study, we observed that KLH augmented the production of TNF-α and INF-γ in NK cells \[[Figure 2](#F2){ref-type="fig"}\]. These two cytokines most probably play major role for the cytolytic activity of NK cells. KLH stimulates NK cells to release cytokines, such as, TNF-α and INF-γ (indirect effect of KLH for cytotoxic activity) which actually play major role in the cytolytic activity of NK cells against YAC-1 cancer cells (direct effect of NK cells against YAC-1 cells). As cytokines, TNF-α and INF-γ, released from NK cells seems to play major role for cytotoxic activitiy, cell-to-cell interaction may not be essential.

McFadden *et al*.,\[[@ref4]\] previously reported the direct inhibition of the growth of Barrett\'s esophageal cancer cells *in vitro* by apoptotic mechanism. Apoptosis in cancer cells is important because reduction in apoptotic activity caused many malignancies. It has been observed that a decline in cell response to apoptotic cues (e.g., proapoptotic gene p53) increased the susceptibility to cancer.\[[@ref24]\] We think that KLH exhibited its antiproliferative activity against Meth A sarcoma cells \[[Figure 4](#F4){ref-type="fig"}\] by inducing the apoptosis mechanism of Meth A cells.

Thirty-six years ago, Olsson *et al*., immunized patients with KLH and observed a marked reduction in the recurrence of superficial bladder cancer.\[[@ref25]\] KLH has been found to be superior in preventing bladder tumor recurrence with no side-effects when tested against mitomycin C chemotherapy in patients.\[[@ref4]\] Besides, there are several reports on the antitumor activities of KLH *in vitro* and *in vivo*. Although the preliminary anticancer activity of KLH was known many years back, KLH yet to be used as an effective anticancer drug or as an adjuvant for the treatment of cancers. Since the discovery of KLH molecule, it has been used primarily as a carrier for vaccines and antigens.\[[@ref4]\] This study demonstrated that KLH exerted inductive activity on NK cells proliferation and its function, as well as inhibition of the proliferation of Meth A cancer cells. The anticancer activities of KLH against a wide range of cancer cell lines by inhibiting their proliferation as well as the enhancement of the activity of NK cells may led to the possibility of using KLH as a good candidate for chemotherapeutic agent alone or in combination with other agent. However, extensive research is required to establish KLH as an anticancer agent.
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